Abstract-Platelet G-protein-coupled receptors influence platelet function by mediating the response to various agonists, including ADP, thromboxane A 2 , and thrombin. Blockade of the ADP receptor, P2Y 12 , in combination with cyclooxygenase-1 inhibition by aspirin has been among the most widely used pharmacological strategies to reduce cardiovascular event occurrence in high-risk patients. The latter dual pathway blockade strategy is one of the greatest advances in the field of cardiovascular medicine. In addition to P2Y 12 , the platelet thrombin receptor, protease activated receptor-1, has also been recently targeted for inhibition. Blockade of protease activated receptor-1 has been associated with reduced thrombotic event occurrence when added to a strategy using P2Y 12 and cyclooxygenase-1 inhibition. At this time, the relative contributions of these G-protein-coupled receptor signaling pathways to in vivo thrombosis remain incompletely defined. The observation of treatment failure in ≈10% of high-risk patients treated with aspirin and potent P2Y 12 inhibitors provides the rationale for targeting novel pathways mediating platelet function. Targeting intracellular signaling downstream from G-protein-coupled receptor receptors with phosphotidylionisitol 3-kinase and Gq inhibitors are among the novel strategies under investigation to prevent arterial ischemic event occurrence. 
R apid platelet activation and aggregation are crucial for the development of arterial thrombotic events. Platelets adhere to the injured vessel wall site after spontaneous plaque rupture during acute coronary syndrome (ACS) and during percutaneous coronary intervention (PCI). Adhered platelets undergo shape change, cytosolic Ca ++ mobilization, and activation. Platelet activation leads to release of secondary agonists, thromboxane A 2 and adenosine diphosphate (ADP). These agonists amplify the response to injury and produce sustained platelet aggregation in the presence of high arterial shear rates. Simultaneously, subpicomolar concentrations of thrombin are generated after exposure of blood to tissue factor-bearing cells in the subendothelial compartment and activate platelets by cleaving platelet protease activated receptors (PARs). Platelet activation, in turn, leads to the generation of larger amounts of thrombin on the procoagulant platelet surface and on released microparticles. Thrombin converts fibrinogen to fibrin to further stabilize the platelet-fibrin clot. 1 A major area of controversy exists at this time about the relative contribution of each agonist-induced platelet activation pathway (ADP, thromboxane A 2 , and thrombin) to the genesis of an in vivo stable thrombus. The latter determination is critical in decision making for drug targeting. Human genome analysis has demonstrated ≈1000 unique G-protein-coupled receptors (GPCRs) associated with a wide array of physiological functions. 2 GPCRs regulate many of the cellular events in humans through signal transduction stimulated by various agonists. GPCRs are target of ≈30% to 50% of all commercially available drugs. 3 Platelet function is influenced by soluble agonists that stimulate intracellular signaling through GPCRs; ADP through P2Y 1 and P2Y 12 , thrombin through PAR-1 and PAR-4, thromboxane A 2 through TP, epinephrine through the α-adrenergic receptor, and prostaglandin (PG)I 2 through the IP. 4, 5 These signaling pathways are highly conserved as are regulatory mechanisms.
GPCRs consist of a single polypeptide chain with 7 transmembrane α-helices connected by three extracellular loops and 3 intracellular loops. The extracellular loop consists of an amino terminus and a ligand (agonist) binding site; the intracellular loop consists of a carboxyl-terminal domain associated with guanine nucleotide binding proteins (G proteins; Figure 1 ). A single GPCR can be associated with multiple functionally different G 4, 5 There are ≥10 forms of Gα in platelets that are members of the Giα, Gqα, G12/13α and Gsα families. G proteins are associated with redundancy in their responses (signaling pathways). Therefore, targeting >1 receptor is an attractive antiplatelet strategy. The direct inhibition of platelet-specific GPCRs (P2Y 12 or PAR-1) and enzymes associated with platelet agonist release (COX-1) has been extensively exploited when compared with the direct inhibition of G proteins or the downstream signaling pathways. 6 In contrast to the 2 state model of receptor activation (inactive versus single active conformation), it has been proposed that GPCRs exist in multiple ligandspecific active conformations that are associated with different downstream signaling events. The ability of an agonist to induce a response from a specific GPCR that varies across the signaling pathways is termed, biased agonism. Biased GPCR agonists have therapeutic potential by their ability to induce differential signaling associated with desirable effects. [7] [8] [9] [10] Short-term desensitization of GPCRs occurs through the phosphorylation by kinases that enhance the affinity for adapter proteins known as β-arrestins. Subsequently, uncoupling of the interaction between GPCR and G protein occurs leading to endocytosis via clathrin-coated pits. The GPCR-β-arrestin interaction, as a multifunctional scaffold and adapter, also activates signaling pathways. The role of arrestins in the regulation of platelet function has received increased attention (see below). [8] [9] [10] Although a large body of information has been obtained in the past decade on GPCR-induced signaling and regulation, the function of specific GPCRs in atherothrombosis remains incompletely defined.
Purinergic Receptors
ADP is stored in platelet dense granules and is released on activation by agonists and high arterial shear. ADP acts on 2 GPCRs: P2Y 1 and P2Y 12 . A third platelet purinergic receptor, P2X 1 , is a non-GPCR ligand-gated ion channel. Activation of P2X 1 by ATP is associated with rapid influx of external Ca ++ and platelet shape change.
P2Y 1
P2Y 1 is a 373 amino acid polypeptides coupled to the Gq protein. It is widely distributed in human tissues. Approximately 150 P2Y 1 receptors are present per platelet. The α subunit of Gq is associated with PLC-β activity. Activation of PLC-β leads to phosphoinositide hydrolysis and cytosolic Ca ++ mobilization through generated IP. The latter signaling event results in shape change, granule secretion, and PLA 2 and integrin activation. Phospholipase A 2 activation results in the production of arachidonic acid from membrane phospholipids, and the subsequent synthesis and release of thromboxane A 2 by COX-1 and thromboxane synthase activity (Figure 2 ).
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Downstream signaling from both P2Y 1 and P2Y 12 is responsible for normal platelet aggregation. P2Y 1 signaling is responsible for initial platelet activation, shape change, and transient platelet aggregation, whereas P2Y 12 signaling more potently amplifies platelet aggregation induced by ADP and other agonists. Among the challenges for P2Y 1 receptor inhibitors as antithrombotic agents is their widespread expression in human tissues. In an animal model using laser-induced injury, mesenteric arterial thrombosis was inhibited by a P2Y 1 antagonist (MRS2500), and bleeding was moderately affected. 12 At PLC-β phospholipase C-β Figure 1 . G-protein-coupled receptor (GPCR) signaling in platelets. Binding of an agonist on the extracellular loop of the GPCR is associated with the exchange of GTP for GDP on the α subunit resulting in the dissociation of the α subunit from βγ subunit. Depending on the receptor type, the α subunit activates phospholipase C-β (PLC-β), Rho-GEF (guanine nucleotide exchange factor), or adenylyl cyclase, whereas the βγ subunit activates phosphotidylionisitol 3-kinase (PI3K) and PLC-β. Protease activated receptor (PAR) is activated by thrombin by creating a tethered ligand or through a noncanonical mechanism where cleavage by a proteinase occurs at a site different from the canonical cleavage site. The tethered ligand can also stimulate signaling through a G-protein-independent pathway involving β-arrestin-mediated signaling scaffold. β-arrestin is also involved in the internalization and desensitization of the PAR receptors.
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this time, P2Y 1 antagonists, such as A3P5PS, MRS2500, and MRS2179, have not been studied in human trials.
P2Y 12
The P2Y 12 receptor contains 342 amino acids and is expressed mainly in platelets and to a lesser extent in the central nervous system. 13 Approximately 600 P2Y 12 receptors are present per platelet. When compared with P2Y 1 , the limited cell type expression of P2Y 12 makes it an ideal antithrombotic target. Inhibition of platelet aggregation by P2Y 12 blockers can be overcome by stimulating Gzα signaling with epinephrine.
14 The P2Y 12 receptor has ≈24% sequence homology with the PAR-1 receptor. Most recently, x-ray structural analysis of human P2Y 12 reveals an unusual straight conformation of transmembrane helix V, differing from other class A GPCRs, with a long α-helical extension into the cytoplasm where it may form extensive interactions with G protein. 15, 16 Although speculative, this observation may explain why P2Y 12 forms preferentially high-affinity interactions with Gαi at the expense of other Gαi couplers, such as PAR-1. 17 On the basis of a thermostabilizing construct model, we reported that disulfide bonds bridging the amino terminus Cys17 with Cys270 of helix VII and the highly conserved disulfide bond bridging Cys97 of helix III and Cys175 of extracellular loop 2 were present. During agonist binding with 2MesADP, the main chain carbonyl of Cys97 forms a hydrogen bond with the 3′ hydroxyl group of ribose of 2MesADP. The main chain amino group of Cys175 interacts with the β-phosphate group. Binding with the antagonist, AZD1283, was associated with the disruption of the Cys97-Cys175 disulfide bond. However, the latter disulfide bond seems to be dynamic. An overview of signaling pathways of major G-protein-coupled receptors. Adenosine diphosphate activates platelets through P2Y 1 and P2Y 12 receptors. P2Y 1 is coupled to Gq, which activate phospholipase (PLC)-β through Gqα and its intracellular signaling leads to platelet shape change, granule secretion, and amplification of platelet activation through generation of thromboxane A2. P2Y 12 is coupled to Gi. The α subunit of Gi is associated with adenylyl cyclase and vasodilator stimulated phosphoprotein phosphorylase activity. The βγ subunit is associated with PI3-kinase that activates Akt, Rap1, ERK, and Src family kinases and G-protein-gated inwardly rectifying potassium channels (GIRK) in addition to PLC-β activity as described above. Activation of P2Y 12 leads to glycoprotein (GP) IIb/IIIa activation and stable platelet aggregation. Epinephrine is associated with Gz protein, which on activation inhibits adenylyl cyclase activity through α subunit. Prostaglandin I2 (PGI 2 ) receptor is associated with Gs protein, which on activation stimulates adenylyl cyclase activity through α subunit. DAG indicates diacylglycerol; ERK, extracellular-signal-regulated kinase; IP3, inositol 1,4,5-triphosphate; MLCK, myosin light chain kinase; PLA2, phospholipase A2; Pls, phospholipids; Tx A 2 , thromboxane A 2 ; and VASP, vasodilator-stimulated phosphoprotein.
the P2Y 12 receptor in a conformation similar to 2MesADP. Moreover, non-nucleotide derivatives, such as AZD1283 and ticagrelor, behave as competitive antagonists. It was also reported that the R256 residue that potentially makes contact with 2MesADP is important for P2Y 12 activation, whereas the R265 residue in extracellular loop 3 is also important for agonist activity but does not directly interact with 2MesADP. 15, 16 The Gi2α subunit coupled to P2Y 12 is associated with suppression of adenylyl cyclase activity. Inhibition of cAMP-dependent protein kinase-mediated phosphorylation of vasodilator-stimulated phosphoprotein is associated with glycoprotein IIb/IIIa activation.
14 As a marker of P2Y 12 receptor signaling, vasodilator-stimulated phosphoprotein phosphorylation is used to monitor the antiplatelet response to P2Y 12 receptor blockers.
Reducing cAMP by Giα-associated inhibition of adenylyl cyclase activity alone is not sufficient for normal aggregation; downstream signaling through the βγ subunit activity plays a major role. The βγ subunit is associated with PLC-β activation leading to Ca ++ mobilization, shape change, and granule secretion through diacylglycerol and IP3 release from PIP2. βγ subunits are also associated with PI3K activity, which is linked to glycoprotein IIb/IIIa activation via catalytic modulation of Akt and Rap1b activities. It has been reported that Rap1b activation is important for the sustained activation of GPIIb/IIIa. PAR-1-induced Akt activation depends predominantly on Gi stimulation through secreted ADP. In addition, Gi signaling also leads to the activation of extracellular-signal-regulated kinase, myosin light chain kinase, Src family kinases, and G-protein-gated inwardly rectifying potassium channels 14, 18 ( Figure 2 ). P2Y 12 activation is also associated with the phosphatidylserine exposure and procoagulant properties. 19, 20 Clopidogrel and the active metabolite of prasugrel have been shown to attenuate procoagulant activity. 21, 22 Moreover, P2Y 12 receptor activation also influences the formation of collagen-and thrombin-activated platelets that express procoagulant factors, such as phosphatidylserine and activated factor V. 23 In addition, P2Y 12 activation is associated with P-selectin and CD-40 L expressions that influence platelet-leukocyte interactions and modulate inflammation and tissue factor exposure. 1 At this time, P2Y 12 intracellular signaling pathways remain incompletely defined.
P2Y 12 Inhibition
A major objective of P2Y 12 inhibitor therapy is the rapid establishment of high-level receptor blockade to prevent amplification of platelet activation induced by ADP and other agonists that degranulate the platelet. Reversibility of the P2Y 12 inhibitor may confer benefit to reduce bleeding. P2Y 12 inhibitors are the most widely prescribed antiplatelet agents in cardiovascular medicine after aspirin.
Thienopyridines
Ticlopidine, clopidogrel, and prasugrel are clinically available orally administered thienopyridine prodrugs that are metabolically activated by the cytochrome P450 pathway. Pharmacodynamic studies conclusively demonstrated wide response variability and nonresponsiveness to clopidogrel. The mechanisms of resistance to clopidogrel have been intensively investigated in the past 10 years. Suboptimal active metabolite generation and pharmacodynamic effects have been related to single nucleotide polymorphisms in genes encoding specific CYP P450 cytochromes associated with loss-of-function, drug-drug interactions between thienopyridines and other coadministered drugs that compete/inhibit specific CYPP450 cytochromes and demographic variables. Because P2Y 12 inhibitors are coadministered with various pharmacological agents, an avoidance of pharmacological interactions is also important. 24 The development of prasugrel was an advance in thienopyridine therapy. Prasugrel is more rapidly and efficiently metabolized than clopidogrel and is thus associated with a more rapid onset of action and greater inhibition of ADP-induced platelet aggregation resulting in less response variability and a lower prevalence of nonresponsiveness than clopidogrel. 25 Prasugrel and clopidogrel active metabolites have similar in vitro P2Y 12 binding affinities and resultant antiplatelet effects. Therefore, the enhanced antiplatelet effect of prasugrel is because of increased generation and exposure of prasugrel active metabolite compared with the clopidogrel.
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Ticagrelor
Ticagrelor, a recently approved cyclopentyltriazolopyrimidine, is a reversibly binding, selective, potent, direct acting, and orally administered P2Y 12 receptor blocker. 27 Ticagrelor does not prevent ADP binding to P2Y 12 , but instead reversibly inhibits the ADP-induced receptor conformational change and G-protein activation by binding to a site distinct from the ADP-binding site. These characteristics keep the receptor in an inactive state and after ticagrelor unbinding, the receptor can be reactivated by ADP. On the basis of modeling data, we suggested that because of its bulky 7-[2-(3,4-difluorophenyl)-cyclopropylamino] and 5-propylsulfanyl substituents, ticagrelor cannot be accommodated in the center of the transmembrane cage (in the same pocket), where ADP binds but rather binds to a second pocket consisting of the upper transmembrane domains (domains 1, 2, and 7), extracellular loop 2, and the N-terminal domain of P2Y 12 (see above). 28 Ticagrelor is metabolized rapidly by hepatic CYP3A4/5 to produce AR-C124910XX, the main metabolite of ticagrelor that is equipotent in inhibiting the P2Y 12 receptor. Ticagrelor is associated with a rapid onset of action, a greater level of inhibition and a more rapid offset of pharmacodynamic action compared with clopidogrel.
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Ticagrelor and Inhibition of Adenosine Uptake Antiplatelet Effect
In addition to P2Y 12 inhibition, ticagrelor inhibits adenosine reuptake in erythrocytes and other cells. [29] [30] [31] [32] The latter effect has been attributed to the inhibition of sodium-independent equilibrative nucleoside transporter. Unlike the strong adenosine reuptake inhibitor, dipyridamole, ticagrelor exhibited 16-fold lower affinity for equilibrative nucleoside transporter 1 (Ki=41 versus 2.6 nmol/L). However, other P2Y 12 blockers such as the active metabolites of clopidogrel and prasugrel, cangrelor, and AR-C124910xx do not have significant influence on adenosine reuptake. Ticagrelor has ≈20-fold higher affinity for P2Y 12 when compared with equilibrative
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nucleoside transporter 1 affinity. There was no direct influence of ticagrelor on adenosine receptors and ticagrelor is not metabolized to adenosine. 29 In an in vitro study, in the presence of adenosine, the antiplatelet effect of ticagrelor was partially mediated by a drug-induced increase in extracellular adenosine levels and adenosine-mediated platelet inhibition via the A2A receptor. 30 A significant higher plasma concentration of adenosine in blood collected from patients with ACS treated with ticagrelor than with clopidogrel has been reported. In addition, in vitro uptake of exogenous adenosine by erythrocytes was inhibited when incubated with serum from patients treated with ticagrelor but not with clopidogrel. 31 
Coronary Blood Flow and Infarct Size Effect
In an animal model, ticagrelor and dipyridamole dose dependently enhanced left anterior descending coronary artery blood flow after occlusion and after intracoronary adenosine administration. 32 In a healthy volunteer study, ticagrelor increased coronary blood flow velocity that correlated with plasma ticagrelor levels. However, levels of AR-C124910xx did not correlate with enhanced blood flow indicating that adenosinerelated blood flow effects were confined to ticagrelor. 33 In a subsequent prospective crossover study of 56 patients with non-ST-segment-elevation ACS undergoing PCI, ticagrelor but not prasugrel was associated with greater coronary blood flow velocity when incremental doses of adenosine were coadministered. 34 Ticagrelor, but not clopidogrel, has been shown to reduce the infarct size in a rat perfusion model that was completely reversed by adenosine receptor antagonist, suggesting that the latter effect is mediated by endogenous adenosine. 35 Similarly, in a canine coronary thrombosis model, ticagrelor but not clopidogrel, significantly reduced infarct size and rapidly restored tissue perfusion when adjunctively added to tissue-type plasminogen activator. 36 These off-target effects of ticagrelor may account for some of the clinical benefits associated with ticagrelor than with clopidogrel therapy observed in the Platelet Inhibition and Patient Outcomes (PLATO) trial.
Interaction Between Ticagrelor and Aspirin
In the PLATO trial, the absence of a beneficial effect of ticagrelor versus clopidogrel for treatment of ACS was observed in the North American subgroup when compared with rest of the world. The latter paradox has been attributed to a higher concomitant aspirin dose used in North America, but a play of chance may also explain the discordant outcomes. 37 Of note, there has been no reported influence of aspirin dose on the clinical efficacy of either prasugrel or clopidogrel, P2Y 12 inhibitors that produce less potent P2Y 12 blockade than ticagrelor. 38, 39 It has been shown that the ADP-P2Y 12 signaling pathway is important for the production of thromboxane A 2 and for the irreversible aggregation associated with TP receptor activation. 40, 41 In the presence of a high concentration of ticagrelor in vitro, aspirin did not provide additional antiaggregatory effects in response to ADP, arachidonic acid, U46619 (TP receptor agonist), epinephrine, and thrombin receptor activator peptide. 42 In an ex vivo study of the effect aspirin dose on platelet function, higher aspirin doses of 81 mg daily were associated with greater antiplatelet effects. 43 It has been demonstrated that P2Y 12 inhibitors reduce thromboxane A 2 -induced platelet aggregation and thromboxane A 2 production and sensitize platelets to the antiaggregatory effects of PGI 2 by blocking P2Y 12 receptormediated inhibition of adenylyl cyclase. With this background, it was suggested that high-dose aspirin in the presence of potent P2Y 12 blockade induced by ticagrelor may reduce the production of PGI 2 and shift the influence of aspirin toward prothrombotic environment. Moreover, by inhibiting the production of gastroprotective prostanoids, the risk of gastrointestinal bleeding may also increase. 44 It has also been reported that the highdose but not the low-dose aspirin is associated with an impaired anticontractile effect of ticagrelor on ADP-induced vascular smooth muscle cell contraction in a rat model.
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Cangrelor
A limitation associated with all of the currently available oral P2Y 12 inhibitors is the lack of an immediate and reversible pharmacodynamic effect. Although ticagrelor binds reversibly, its pharmacodynamic offset is slow. 38 Because immediate P2Y 12 inhibition is a major goal in the treatment of high-risk coronary artery disease, parenteral therapy is an attractive approach (Inhibition of PAR-1 and G Protein Interaction section of this article). Moreover, a rapid pharmacodynamic offset is also desirable in the setting of bleeding. Finally, in patients on chronic P2Y 12 blockade who need surgery after coronary artery stenting, the administration of a bridging P2Y 12 inhibitor with rapid offset effect may limit the vulnerability to thrombosis in the perioperative period.
Cangrelor (previously known as AR-C67085MX) is a direct-acting parenteral ATP analog; modification of the polyphosphate side chain of ATP prevents breakdown to ADP and substitution of the adenine moiety enhances P2Y 12 receptor affinity and selectivity. ADP-induced platelet function is competitively inhibited by cangrelor, with a rapid onset and offset effect within minutes. 46 In preclinical studies, thrombus formation was inhibited by cangrelor infusion. 47 Cangrelor has been studied in the CHAMPION (Cangrelor versus Standard Therapy to Achieve Optimal Management of Platelet Inhibition) trials for acute therapy in patients undergoing PCI and also as a bridging strategy in patients previously treated with clopidogrel who require urgent surgery. [48] [49] [50] Cangrelor is not yet clinically approved.
Pharmacodynamic Interactions Between P2Y 12 Blockers
Expected levels of platelet inhibition induced by clopidogrel were not observed after simultaneous administration of cangrelor and clopidogrel indicating a drug-drug interaction. On the baiss of these observations, we suggested that cangrelor prevents thiol adduct formation by clopidogrel and prasugrel active metabolites in the extracellular region of P2Y 12 .
51 It was further shown that preincubation of blood with cangrelor before addition of clopidogrel or prasugrel active metabolite reduced the ability of the metabolite to irreversibly antagonize P2Y 12 . However, irreversible inhibition was maintained when blood was preincubated with metabolites before the addition of cangrelor. 52 In an ex vivo animal study and in a study of patients with stable coronary artery disease, a significant pharmacodynamic interaction
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was not demonstrated between ticagrelor and cangrelor. 53, 54 The interaction between cangrelor and thienopyridines may have important clinical implications when clopidogrel or prasugrel is loaded, and cangrelor is bound to P2Y 12 .
Switching from chronic clopidogrel therapy after an ACS event to either a prasugrel maintenance dose or loading dose was associated with a further reduction in platelet function. 55 However, switching to prasugrel therapy 12 hours after the last dose of ticagrelor maintenance therapy was associated with an increase in platelet reactivity compared with continued ticagrelor therapy. 39 Because thienopyridine active metabolites are only transiently exposed, pharmacodynamic interactions are more likely to occur after switching than for ticagrelor, a direct acting agent with a longer plasma half-life. The ticagrelor-prasugrel interaction was partially mitigated by the administration of a prasugrel loading dose. Waiting longer than 12 hours for more P2Y 12 receptors to be unbound by ticagrelor before prasugrel loading or repetitive prasugrel loading may further mitigate the pharmacodynamic effect. The relative contribution of the ticagrelor active metabolite (AR-C124910XX) versus the parent agent to the interaction is unknown. 39 Additional work is needed to define the binding sites of the different P2Y 12 inhibitors and the dosing regimens that optimally attenuate pharmacodynamic interactions during switching.
Other Novel P2Y 12 Receptor Antagonists AZD1283
A novel series of ethyl 6-aminonicotinate acyl sulfonamides have been recently discovered as P2Y 12 antagonists. Structure-activity relationship investigations demonstrated that replacement of the 5-chlorothienyl of ethyl 6-aminonicotinate acyl sulfonamide with a benzyl substituent is associated with an increased antiaggregatory effect, whereas introduction of substituents on the benzyl group led to higher microsomal clearance but no further increase in antiaggregatory potency. Among 6 compounds, 1 candidate compound, AZD1283, was associated with the strongest inhibition of ADP-induced platelet aggregation, increased blood flow, and a therapeutic index ≥10 in the separation of efficacy and bleeding time. AZD1283 has been selected for further clinical studies. Its binding properties with P2Y 12 are discussed above.
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Diadenosine 5′,5″-P1,P4-Dithio-P2,P3-Chloromethylenetetraphosphate (Ap4A) Diadenosine 5′,5″-P1,P4-dithio-P2,P3-chloromethylenetetraphosphate is the member of dinucleoside polyphosphates that are stored in platelet dense granules and released on activation along with ADP and ATP. It has been reported that Ap4A with the stereo configuration at P 1 and P 4 has strong plasma stability and an inhibitory effect on P2Y 12 and a lesser effect on P2Y 1 . This compound remains under investigation.
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PARs
The potent P2Y 12 receptor blockers, prasugrel and ticagrelor, are associated with lower ischemic event occurrence compared with clopidogrel in patients with ACS. However, a clinical unmet need still exists. The degree of adverse event reduction (≈20% relative and ≈2% absolute) compared with clopidogrel therapy is modest and treatment failure (≈10%) persists along with a significantly greater bleeding risk. The latter observations suggest that the strategy of COX-1 and potent P2Y 12 inhibition is associated with ceiling of net clinical benefit. Inhibition of another GPCR-mediating platelet activation, namely PAR-1, has been explored as a novel strategy to reduce treatment failure associated with conventional dual antiplatelet therapy. 58 PARs play important roles in normal and pathological states and have been targeted for therapy of a variety of diseases, including colitis, asthma, and tumor metastasis, in addition to cardiovascular disease. PAR-1, a major receptor for thrombin, contains 425 amino acids and is a high-affinity receptor with fast and transient downstream signaling. Approximately 1000 to 2000 PAR-1 receptors are present per platelet. In addition to platelets, the PAR-1 receptor is also expressed in other cells and plays a role in modulating inflammation and in the vascular remodeling processes in unstable atherosclerotic plaques and in restenosis. 17, 59 Therefore, PAR-1 inhibition may confer clinical benefits beyond platelet function modulation.
PARs are activated through a novel tethered ligand mechanism. The hirudin-like sequence of the N-terminal exodomain of the PAR-1 binds with high affinity to exosite-1 of thrombin (fibrinogen-binding site), allowing it to outcompete fibrinogen (present in large quantities in blood) for thrombin binding. 58, 60 Thrombin cleaves the bond between Arg 41 and Ser 42 of PAR-1 in the extracellular domain, thereby exposing a new N terminus with the initial sequence SFLLRN (serinephenylalanine-leucine-leucine-arginine-asparagine). Once cleaved, this tethered ligand rapidly undergoes conformational change and binds to ligand-binding site-I located in the N-terminal exodomain. This leads to a conformational change in the transmembrane domains that is transmitted to intracellular domains and finally stimulates GDP-GTP exchange and activates G 12/13 , and Gq ( Figure 3) . PAR-4, a lower affinity platelet thrombin receptor with a highly prolonged signal, contributes to irreversible platelet aggregation. 17 PAR-4 is 385 amino acids in length and lacks a hirudin-like sequence and binds to the active site of thrombin through a negatively charged cluster of amino acid residues (anionic cluster) resulting in the prolongation of dissociation of the thrombin from the receptor. Despite lower affinity and slower intracellular signaling, PAR-4 activation leads to most of the calcium mobilization and sustained glycoprotein IIb/ IIIa activation induced by thrombin. Unlike PAR-1, PAR-4 activation leads to irreversible platelet aggregation, even in the absence of the ADP-autocrine response. 17 Using Western blotting and coimmunoprecipitation techniques, it has been shown that PAR-1 and PAR-4 present as a stable heterodimeric complex in human platelets and enable thrombin to act as a bivalent functional agonist and mediate intracellular signaling at both low and high concentrations. Available data suggest that after binding, thrombin cleaves PAR-1 and then cleaves PAR-4 while still bound to PAR-1. 60 Activation of either PAR is sufficient to trigger platelet secretion and aggregation, whereas PAR-1 is likely to be the more physiologically relevant receptor for controlling hemostasis.
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The mechanisms that regulate PAR activity are complex. PAR can be activated either by proteinases through the above tethered ligand mechanism or through a noncanonical mechanism where cleavage by a proteinase occurs at a site different from the canonical cleavage site. The proteases, activated protein C, plasmin, matrix metalloprotease-1 (MMP-1), MMP-13, and kallikrein cleave PAR-1 at noncanonical cleavage site(s) distinct from the Arg 41 target of thrombin, albeit at reduced efficiency when compared with thrombin. 61 The tethered ligand can also stimulate signaling through a G-protein-independent pathway involving the formation of an internalized β arrestin-mediated signaling scaffold (see below). 8, 9 Cleavage of PAR to the C terminus of the classical tethered ligand sequence may permanently disarm the receptor or lead to alternative biased signaling. Thus, disarming of signaling induced by a specific protease may also be associated with activation via a MAP kinase pathway in the absence of Ca ++ mobilization. 8 In this regard, it has been demonstrated that PAR receptors have the ability to activate one signaling pathway in preference to another, a process known as functional selectivity or biased agonism. These biased receptor signaling pathways or functional selectivity associated with noncanonical cleavage of PAR-1 receptors are selective for intracellular signaling associated with either classic G-protein pathways or β-arrestins, which can activate mitogen-activated protein kinases or PI3Ks. 8 Thus, in addition to internalization and desensitization of GPCRs, β-arrestins can initiate intracellular signaling events that are independent of G-protein coupling and activation.
The exposure of platelets to fibrillar collagen and subsequent conversion of platelet-bound pro-MMP-1 zymogen to active MMP-1 also promotes platelet aggregation through PAR-1 by exposure of a distinct ligand, PR-SFLLRN. The MMP1-PAR-1 interaction is a novel pathway of platelet activation that may play an important role during the early stages of platelet-vessel wall interactions. Analyses of G-protein signaling pathways suggest that MMP-1 and the PR-SFLLRN ligand are biased agonists that preferentially activate G 12 /13 , and that thrombin preferentially activates Gq in human platelets. 61 The activation of G 12/G13 results in Rho-dependent platelet shape change and granule secretion. The intracellular signaling events after the activation Gq are described above. Unlike other GPCRs, which recycle after internalization, internalized PAR-1 receptor after single activation is targeted to lysozomes for degradation through β-arrestin.
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In several preclinical studies, PAR-1 antagonism did not prolong bleeding time or coagulation-related time (activated partial thromboplastin time, prothrombin time, or thrombin time), suggesting that PAR-1 inhibition does not seem to interfere with normal hemostasis. 58 Despite coupling to similar G proteins, PAR-1 and PAR-4 play distinct roles in thrombosis and hemostasis. It has been shown that PAR-4-activating peptide-stimulated platelets release more microparticles and procoagulant factor V and are associated with a higher density of factor V on activated platelet surface when compared with PAR-1 stimulation. 62 However, another study demonstrated that SFLLRN (PAR-1 agonist)-induced platelet activation is associated with more rapid stimulation of platelet procoagulant activity as measured by annexin V binding and clotting assays when compared with PAR-4 stimulation by GYPGQV. 63 Therefore, at this time, it is still unclear which pathway, thrombin PAR-1/PAR-4, or ADP-P2Y 12 pathway, predominates for the platelet procoagulant response and may vary between individuals and ethnicities/races.
Interaction Between PAR and P2Y 12
Close synergistic interaction between PARs and P2Y 12 in platelets may be critical for the development of stable thrombus generation and resultant adverse event occurrences. It has been shown that PAR-1-mediated platelet aggregation is transient unless strengthened by additional signaling input from P2Y 12 or PAR-4. 17 It is still not absolutely clear whether the cross talk of PAR-1 with Gi pathways is only through P2Y 12 signaling. 64 PAR-1 antagonism did not inhibit ADP-, U6441-, or collagen-induced platelet aggregation in animal studies, and there were no significant effects on thrombin receptor activator peptide-induced platelet aggregation after aspirin and clopidogrel loading dose administration in patients with coronary artery disease undergoing stenting. 65, 66 The mechanisms of Akt activation induced by thrombin receptors versus P2Y 12 differ, but are synergistic and contribute to the stabilization of platelet-rich thrombi. In addition to heterodimeric interaction between PAR-1 and PAR-4 described earlier, it was recently demonstrated that P2Y 12 signaling may be essential for PAR-4-mediated Akt activation and recruitment of arrestins to PAR-4/P2Y 12 signaling complexes. Recruitment of arrestins to the latter complex leads to incorporation of Lyn, subsequent PI3K-dependent phosphorylation of Akt, glycoprotein IIb/IIIa activation, and stabilization of platelet thrombi. 10 In the presence of potent P2Y 12 blockade, such as induced by ticagrelor and prasugrel, and low thrombin concentrations, the above findings may have clinical relevance with respect to enhancement of antithrombotic efficacy by adding a PAR inhibitor.
PAR Inhibition
Inhibition of the interaction between thrombin and PAR-1 has been shown to attenuate ischemic events in selected patients treated with dual antiplatelet therapy. Several PAR-1 inhibitors have been developed including SCH 530348 (vorapaxar), E5555, FR-17113, F16618, F16357, PZ-128, RWJ-56110 and RWJ-58259, and BMS-200261.
67 E5555 (atopaxar) development has been discontinued.
Tethered ligand antagonists of PAR-4, transcinnamoyl-Tyr-Pro-Gly-Lys-Phe-NH, and YD-3 (1-benzyl-3(ethoxycarbonylphenyl)-indazole) have been shown to inhibit GYPGKF (PAR-4 agonist)-induced aggregation of washed human platelets with no or little effect on platelet aggregation induced by thrombin, SFLLRN, collagen or U46619. 68 RWJ-56110, a potent PAR-1 antagonist, inhibited low (0.05 U/mL) but not high concentration thrombin-induced platelet aggregation, whereas YD-3, alone, had little or no effect on thrombininduced platelet aggregation, but significantly enhanced the 
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antiaggregatory activity of a PAR-1 antagonist. These data indicate that both PAR-1 and PAR-4 inhibition are required for marked thrombin-platelet inhibition.
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A murine PAR knockout model may provide circumstantial evidence for the importance of PAR inhibition as an antithrombotic strategy. Murine platelets express PAR-3 and PAR-4 but not PAR-1. There is some evidence to suggest that PAR-3 knockout mice platelets may be analogous to PAR-1-inhibited human platelets. However, PAR-3-deficient mice are partially protected against thrombosis, whereas PAR-4-deficient mice are completely protected against thrombosis. These data suggest that incomplete blockade of thrombin-induced signaling may still provide an antithrombotic effect. In nonhuman primates that express PAR-1 and PAR-4 like humans, blockade of PAR-1 reduced carotid arterial thrombotic events. 70 Taken together, these data may be relevant to the consideration of PAR-1 therapy alone as an antithrombotic strategy. The clinical use of dual inhibition of PAR-1 and PAR-4 compared with PAR-1 alone still remains unknown at this time.
Vorapaxar is a high-affinity PAR-1 antagonist that inhibits PAR-1 in a competitive and slowly reversible manner. 58 On the basis of crystal structure analysis, we recently revealed that the vorapaxar binding site is located closely to the extracellular surface of the receptor unlike other ligands for GPCRs that penetrate more deeply into the transmembrane core of the receptor. It has been proposed that a unique interaction between vorapaxar and PAR-1 results in the closing of the binding pocket after vorapaxar binding; the latter may account for the low dissociation rate of vorapaxar and a delayed offset of pharamcodynamic properties. 71 Vorapaxar prevents high-affinity binding of the tethered ligand to the ligand-binding site.
In phase I and II studies, vorapaxar specifically and effectively inhibited the platelet PAR-1 activity without affecting the response to other receptor agonists and had no influence on coagulation parameters. Vorapaxar significantly inhibited platelet function for ≤3 weeks (plasma half-life of 5-11 days) after a single loading dose. 58 Recently, vorapaxar has been approved by the Food and Drug Admistration to reduce the risk of myocardial infarction, stroke, cardiovascular death, and revascularization in patients with a previous myocardial infarction or peripheral arterial disease. 72 The thrombin-PAR-1 interaction may also be pivotal to maintain vascular integrity in the central nervous system, an organ rich in hemostasis-promoting tissue factor. Chronic inhibition of this innate defense mechanism in patients with previous central nervous system ischemic necrosis may have undesired consequences.
Inhibition of PAR-1 and G-Protein Interaction
Thrombin inhibitors such as bivalirudin effectively suppress PAR-1-dependent platelet activation; however, direct inhibition of thrombin may potentially increase bleeding in patients undergoing PCI because it also interferes with activation of the PAR-4 thrombin receptor and fibrinogen-dependent hemostasis. 73, 74 The ability to rapidly and reversibly inhibit PAR-1 signaling by a parenteral strategy seems ideal in the high-risk patient undergoing PCI and may be associated with less bleeding risk in the setting of unanticipated surgery. 67 A fast-acting, short half-life pepducin, PZ-128, is currently being evaluated in a human phase I study (NCT01806077). Pepducins are lipidated peptides that target the cytoplasmic surface of their cognate receptor. PZ-128 consists of a 7 amino acid peptide derived from the third intracellular loop of PAR-1 and is conjugated to palmitate lipid. 60, 75, 76 PZ-128 interrupts signaling to internally located G proteins. The structure of PZ-128 was found to mimic the off-state of the corresponding intracellular region of PAR-1 that is critical for coupling to G proteins. PZ-128 rapidly and reversibly inhibits platelet activation and arterial thrombosis in guinea pigs and primates without affecting bleeding or other coagulation parameters. Excellent doseand concentration-dependent inhibition of PAR-1-induced platelet aggregation and arterial thrombosis was associated with pepducin administration in baboons. 77 Inhibition of PAR-1 by PZ-128 was reversible, as evidenced by loss of inhibition with higher concentrations of SFLLRN agonist at both the 3 and 6 mg/kg doses. PZ-128 administration was not associated with significant inhibition of either ADP or PAR-4 platelet responses (0%-10%) at any time point including at 1, 2, or 24 hours. 77 Dose-dependent protection against arterial thrombosis with an EC50 of 0.075 mg/kg PZ-128 was determined in guinea pig, and synergistic protective effects were observed with oral clopidogrel. The pharmacokinetic and antiplatelet pharmacodynamic properties of PZ-128 indicate that this lipopeptide reaches maximal activity during (<15 minutes) and immediately after intravenous infusion and is completely eliminated from plasma within 24 hours. PZ-128 had no effect on bleeding or coagulation parameters in primates or in blood from patients undergoing PCI.
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Other GPCR Receptors
The thromboxane A 2 receptor (TP) is an another important platelet receptor associated with amplification of platelet activation and aggregation. TP consists of 342 amino acids and there are 1000 receptors per platelet. TP is coupled to Gq and G 12 activation leading to intracellular Ca 2+ mobilization, platelet shape change, and aggregation (see above). It has been reported that in the presence of potent P2Y 12 inhibition, the added antiplatelet effect of aspirin is less pronounced (see above). In this context, there is current interest in deleting aspirin cotherapy to reduce bleeding potentiated by gastrointestinal COX-1 blockade and to reduce the potential prothrombotic effects of COX-1 blockade on PGI 2 production when a potent P2Y 12 inhibitor therapy is used. Blockade of thromboxane A 2 synthesis and TP receptor are strategies that obviate the risks associated with COX-1 blockade.
Terutroban, a selective orally active TP antagonist, is in clinical development for use in secondary prevention of thrombotic events. Terutroban was associated with similar level of inhibition of arachidonic acid-and collagen-induced platelet aggregation as aspirin in patients with peripheral arterial disease and was superior to aspirin in inhibiting platelet aggregation and thrombus formation in an ex vivo model of thrombosis. 78, 79 However, the phase III clinical trial, PERFORM (Prevention of cerebrovascular and cardiovascular Events of ischemic origin with teRutroban in patients with a history oF ischemic strOke or tRansient ischeMic attack), failed to demonstrate superiority of terutroban than of aspirin in secondary prevention of cerebrovascular and cardiovascular events in ≈20 000 patients with stroke. 80 Ridogrel, a combined thromboxane synthase and TP receptor antagonist, was associated with similar angiographic patency and the primary end point (TIMI [thrombolysis in myocardial infarction] flow grades 2 and 3) compared with aspirin in patients with myocardial infarction receiving streptokinase in the RAPT (Ridogrel Versus Aspirin Patency Trial) trial. 81 Another new combined thromboxane A 2 receptor and synthase inhibitor, terbogrel is being studied for long-term antithrombotic therapy.
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Downstream Intracellular Signaling Targets
Although intracellular signaling molecules may provide important targets for antithrombotic therapy, their wide spread presence in various cells and comparatively less available genetic knockout models has impeded research in this area versus the study of direct GPCR inhibitors. However, several factors are to be considered. In the case of PI3Kγ, expression is mainly on hematopoetic cells, and PI3Kγ may preferentially associate toward specific Gα and Gβγ subunits. Because platelet intracellular signaling has extensive redundancy, inhibition of PI3Kγ may confer a less aggressive antiplatelet approach than direct inhibition upstream at the GPCR itself.
PI3Kβ Inhibitors
PI3Kβ inhibitors have been shown to inhibit in vitro platelet aggregation and also in vivo thrombus generation. 83, 84 AZD6482, a PI3Kβ inhibitor was associated with a rapid onset of action and short half-life in inhibiting platelet aggregation in animal models and humans. In addition, a 3-hour parenteral infusion of AZD6482 in humans was well tolerated, and there was no change in bleeding time. However, the potential influence on insulin signaling is a major concern. It has been suggested that AZD6482 may be an effective reversible agent in the management of patients undergoing cardiopulmonary bypass surgery and stroke to inhibit platelet activation. 85 
Gq Inhibitors
Although, YM-254890, a novel inhibitor of Gq signaling, has been shown to inhibit ADP-induced platelet aggregation suggesting a potential clinical role for Gq signaling inhibitors, the latter approach may have adverse effects in multiple organs because of its widespread influence on many GPCR pathways. 86 
Conclusions
In the past 10 years, platelet receptor biology research has advanced significantly with greater understanding of signaling mechanisms induced by important platelet agonists. ADP-P2Y 12 , thromboxane A 2 -TP, and thrombin-PAR-1/-PAR-4 interactions are important GPCR-mediated pathways associated with platelet activation and aggregation. The relative contribution of these pathways to in vivo thrombosis remains an area of great interest and is directly relevant to the development of future antiplatelet strategies.
Simultaneous inhibition of the ADP-P2Y 12 pathway with clopidogrel and the COX-1 pathway with aspirin has been a major strategy to treat patients with high-risk coronary artery disease. Accruing evidence has demonstrated that the platelet response to thromboxane A 2 and thrombin is highly influenced by P2Y 12 signaling. These data suggest a potential major role for potent P2Y 12 inhibitor monotherapy in the treatment of high-risk cardiovascular disease.
A ceiling of net clinical benefit associated with aspirin and potent P2Y 12 receptor blockers indicates a potential need for targeting alternative platelet activation pathways. One pathway that most recently has been targeted is the PAR-1 receptor by vorapaxar. Rapid inhibition of thrombin-induced platelet activation is likely important to attenuate platelet thrombus formation in high blood flow states present in the arterial bed. In vivo data from animal studies support an antithrombotic effect from PAR-1 inhibition alone and an enhancement to the antithrombotic effect of P2Y 12 and COX-1 inhibition by the addition of PAR-1 blockade. PAR-1-mediated platelet aggregation is transient unless strengthened by additional signaling input from P2Y 12 and PAR-4. These data suggest a potential future clinical role for combined PAR-1 and P2Y 12 inhibition and combined PAR-1 and PAR-4 inhibition. Targeting thromboxane synthase or the TP receptor has not been convincingly more clinically effective than aspirin possibly because of beneficial non-COX-1-mediated effects of aspirin. Finally, experimental evidence supports a potential interaction between high-dose aspirin and the most recently approved potent P2Y 12 inhibitor ticagrelor, an effect that may be explained by the actions of PGI 2 and ticagrelor on their respective GPCRs. Targeting intracellular signaling downstream from GPCR receptors with PI3K and Gq inhibitors is among the novel strategies under investigation to prevent arterial ischemic event occurrence. Greater understanding of the mechanism of the GPCR signaling events in the individual patient may allow the tailoring of antiplatelet therapy.
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